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bstract
The aim of this study is to assess density and elastic properties of Wistar rat cortical bone from growth to senescence and to correlate
hem with morphological and physico-chemical properties of bone. During growth (from 1 to 9 months), bone density and Young’s modulus
ere found to increase from 1659 ± 85 to 2083 ± 13 kg m−3 and from 8 ± 0.8 to 19.6 ± 0.7 GPa respectively. Bone microporosity was found
o decrease from 8.1 ± 0.7% to 3.3 ± 0.7%. Physico-chemical investigations exhibited a mineralization of bone matrix and a maturation
f apatite crystals, as protein content decreased from 21.4 ± 0.2% to 17.6 ± 0.6% and apatite crystal size and carbonate content increased
c-axis length: from 151 to 173 A˚ and CO3W%: from 4.1 ± 0.3% to 6.1 ± 0.2%). At adult age, all properties stabilized. During senescence, a
low decrease of mechanical properties was first observed (from 12 to 18 months, ρ = 2089 ± 14 to 2042 ± 30 kg m−3 and E3=19.8 ±1.3 to
4.8 ± 1.5 GPa), followed by a stabilization. Physico-chemical properties stabilized while microporosity increased slightly (from 3.3% to 4%)
ut not significantly (p > 0.05). A multiple regression analysis showed that morphological and physico-chemical properties had significant
ffects on density regression model. Microporosity had a greater effect on Young’s modulus regression model than physico-chemical properties.
his study showed that bone structure, mineralization and apatite maturation should be considered to improve the understanding of bone
echanical behaviour.
eywords: Density; Elastic properties; Microporosity; Physico-chemical properties; Growth; Senescence
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a. Introduction
Characterization of the mechanical properties of bone is
mportant for evaluation of bone pathologies and their thera-
eutic treatments. These properties have been widely studied
uring the last forty years on human and animal models. They
ere found to be correlated to bone porosity [1–6] and to
one mineral content (ashes content) [7,8,2,9,3–5,10]. Fur-
her physico-chemical investigations of bone mineral matrix
ere performed more recently using vibrational spectroscopy
11–19]. Collagen fibers orientation and organization was
∗ Corresponding author. Tel.: +33 344234918; fax: +33 344204813
E-mail address: marie-christine.hobatho@utc.fr (M.-C. Ho Ba Tho).
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oi:10.1016/j.medengphy.2007.12.010lso found to influence bone mechanical properties [20–24].
everal aspects of bone’s physico-chemistry such as the influ-
nce of collagen matrix-apatite crystal interactions on bone
echanical properties have not yet been clearly explained.
Rat models are commonly used to investigate bone struc-
ural, mechanical and physico-chemical variation due to
iseases [25–28] or physical activities [29–33]. Ageing is
lso a natural process inducing variation of bone properties
nd is widely investigated in literature. Rat models are useful
n such investigations due to availability of young specimens.
uring ageing, a decrease of bone mineral density and bone
ineral content was observed in vertebral bone of Sprague
awley rats [34] but no variation was observed in vertebra,
ibia or femur bone of Fisher F344 rats [35]. However, Kohles
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rt al. have observed an increase of both density and elastic
roperties of femur cortical bone of F344 rats during age-
ng [36]. During growth and senescence, investigations of
emoral bone in Sprague Dawley rats have shown an increase
f apatite crystallinity and carbonate content, an increase of
MD and cross section diameters. Stiffness was found to not
hange with age but fracture resistance decreased dramati-
ally during senescence [37]. To our knowledge, this study
as the only one to investigate the mechanical, morpholog-
cal and physico-chemical properties of cortical bone at the
rgan level during growth and senescence.
Previous studies used a wide range of techniques, rat strain
nd age which make difficult the knowledge of age impact on
one mechanical properties. Consequently, to have a better
nderstanding of this variation through ageing, it is necessary
o perform additional measurements such as tissue microp-
rosity and physico-chemical properties over a longer period
f time (from very young to old specimens) and to quan-
ify the correlation between elastic, morphologic and physico
hemical properties. In our study, we choose the Wistar rat
odel as it was used to investigate the mechanical properties
f muscles through ageing [38]. Few studies are focused on
he interaction between bone and muscle. Consequently, our
tudy will allow further comprehension of the variation of
oth simultaneously through ageing.
. Methods
Ten male RJHan:WI Wistar rats of each age, 1, 4, 9, 12,
8 and 24 months (from very young to old) were purchased
rom an authorized stock breeder (Janvier Inc., France) and
ere euthanized in agreement with French law (Decree
001-486, 6 June 2001). Both femurs were harvested and
ere cut transversely at the proximal and distal end of the
iaphysis with a diamond saw (Microcut, BROT Technolo-
ies, France). Diaphyseal lengths were 9.1 ± 1, 15.7 ± 1.5,
7.7 ± 1.3, 16.2 ± 2.2, 20.3 ± 1.1 and 19 ± 0.5 mm for 1,
, 9, 12, 18 and 24 months old rat groups respectively.
one marrow was then cleaned from the diaphyses using
aline solution. Right femurs were dedicated to mechanical
nd morphological characterization. Left samples, dedicated
o physico-chemical characterization, were lyophilized and
round at liquid nitrogen temperature (Freezer-Mill 6700,
PEX Certiprep, UK).
.1. Assessment of mechanical properties
Bone density (ρ) was measured using a balance (Sarto-
ius CP64, Sartorius AG, Germany) and a precision density
easurement kit (Mettler Toledo GmbH, Switzerland) based
n the Archimedes’ principle. Longitudinal elastic properties
f diaphyses were assessed in wet condition using a ultra-
onic transmission technique [39]. This technique used two
ongitudinal ultrasound transducers (E9941, Valpey Fisher
orp., MA, USA) at low frequency (100 kHz). A generator
b
a
h
tTektronix TM504, Tektronix UK Ltd., UK) sent impulsions
eceived by the first transducer acting as a transmitter. Ultra-
onic waves were propagated through the sample, received
y the second transducers and were visualized on an oscil-
oscope (Tektronix TDS 3032, Tektronix UK Ltd., UK). The
ltrasound velocity (Vbar) was calculated from the time of
ave propagation and from the diaphyseal length, measured
ith an electronic micrometer (Digimatic Outside Microm-
ter, Mitutoyo, Japan). Ultrasound velocity could be used
long with bone density to calculate the longitudinal Young’s
odulus (E3) as length of ultrasound wave used (2 cm) was
ar more important that femur cross section diameters (from
bout 2 to 5 mm) [39,40]:
3 = ρV 2bar
Reproducibility for ρ and E3 was assessed by performing
ests three times for each sample.
.2. Assessment of microporosity
Proximal femur cross section were ground with abrasive
apers (P600, P800, P1200), polished on microcloths with
uccessively finer grades of alumina powder (1, 0.3, 0.02m)
nd dried at room temperature. Complete images of proximal
ross section of femurs were first reconstructed from about 10
artial images (pixel resolution: 2m) using an environmen-
al scanning electron microscope (Philips XL30 ESEM-FEG,
oyal Philips Electronics, the Netherlands). As no difference
f microstructure was qualitatively observed, four images of
he cortex from different random areas of the cross-section
ere obtained with a better resolution (field of view: 1 mm
0.7 mm, pixel resolution: 0.717m).
Images were analysed using Q WinStandard image anal-
sis software V2.7 (Leica Microsystems Imaging Solution
td., UK). Percentage of porosity (%poro) was calculated
rom the total pore area, including canals and lacunae, divided
y the total cross sectional area. Reproducibility was assessed
n one sample per group by repeating the complete analysis
wice.
.3. Assessment of physico-chemical properties
Three different methods were performed on left femur
amples.
First, Fourier Transformed Infra Red (FTIR) spectroscopy
nalyses were performed on six samples per age group (1760-
FTIR Spectrometer, PerkinElmer Inc., MA, USA). The
pectra were curve-fitted in the ν4 PO4, ν2 CO3 and collagen
mide band domains (Galactic GRAMS software, NH, USA).
Several parameters were extracted from FTIR data
orresponding to band intensity (band area) ratio of rep-
esentative species relative to all ν4 phosphate domain
ands: PO4 species in apatite lattice (sum of 600, 575
nd 560 cm−1 bands), non-apatitic HPO4 ions located in a
ydrated layer on apatite crystal surface (534 cm−1 band),
ype A CO3, type B CO3 species in apatite lattice (879
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lar and porous structures. During senescence (18 and 24
months), some specimens exhibited larges pores in the endos-
teum. Pores were not related to the Haversian structure as no
concentric lamellae were observed around the pores. Fig. 3nd 871 cm−1 bands), non apatitic CO3 species (866 cm−1
and) and collagen amide I species (1650 cm−1 band)
11,41,12].
Second, two chemical analyses were performed on sam-
les. Carbonate weight percentage (CO3W%) was measured
n six samples per age group using a CO2 Coulometer
Coulometrics Inc., Co, USA). Protein nitrogen weight con-
ent was analysed on three samples per age group using a
lemental Analyser EA 1110 CHNS (Thermo Fisher Scien-
ific Inc., MA, USA). Elemental analysis precision is 0.3%.
rotein weight percentage of bone (PW%) was then obtained
rom nitrogen content in collagen [42].
Third, as previous analyses consumed most of sample
owder, specimens were pooled in each age group. X-ray
iffraction was recorded with a X-ray diffractometer (Inel
PS 120, Enraf Nonius SA, France) using Co radiation (X-
ay wavelength = 1789 A˚). Two peaks at 30◦and 45◦(2θ) were
dentified respectively to 002 (c-axis of apatite lattice) and
10 diffraction planes of the apatite crystals. By measuring
he width of these diffraction peaks and applying the Scherrer
ormula, it was possible to calculate the average dimensions
f the diffraction domains and thus, apatite crystal apparent
ength and width [43].
.4. Statistical analysis
Statistical analyses were performed using the software
tatgraphics Plus Version 5.0 (Statistical Graphics Corp.,
SA). Comparison of variables was undertaken using non
arametric Mann and Whitney tests (p < 0.05). In order
o correlate mechanical properties with morphological and
hysico-chemical properties, multiple regression analyses
ere performed with data from 1 to 24 months old rats. Data
ere normalized between 0 and 1 using maximum and min-
mum values as landmark in order to assess the respective
trength of each variable in the explanatory regression model.
o check relevance of each variable in the regression model,
heir respective coefficients were compared to the zero value.
. Results
.1. Mechanical properties
Reproducibility for density and Young’s modulus values
aried from 0.1% to 1% and from 2% to 6% respectively
ccording to different age group. These range were lower
han that of variations within the group: 1–5% and 6–10%
espectively. Values for 1, 4, 9, 12, 18, 24 months specimens
ere respectively 1659 ± 85, 1991 ± 27, 2083 ± 13, 2089 ±
4, 2042 ± 30, 2031 ± 25 kg m−3for density and 8 ± 0.8,
7.2 ± 1, 19.6 ± 0.7, 19.8 ± 1.3, 17.8 ± 1.5, 14 ± 0.9 GPa
or Young’s modulus. ρ and E3 were found to increase
ignificantly (p < 0.05) between 1 month and 4 months
roups: +20.1% and +114.6% respectively. A significant
F
l
vig. 1. Variation of cortical bone density of Wistar rat during growth and
enescence (mean and standard variation, ∗statistically significant differ-
nce, p < 0.05).
ncrease was also observed between 4 and 9 months groups
p < 0.05): +4.6% for ρ and +13.8% for E3. A stabiliza-
ion was then observed between 9 and 12 months groups
p > 0.05) and followed by a significant decrease between
2 and 18 months groups (p < 0.05): −2.3% and −25.1%
espectively. No significant variation was found between 18
nd 24 months groups (p > 0.05). ρ and E3 values were
llustrated in Figs. 1 and 2.
.2. Microporosity
Tissue morphology of femur cross section evolved dur-
ng growth from a porous structure (1 month) to a lamellar
tructure for periosteum and a porous structure for endos-
eum (4 and 9 months). For mature specimens (9 and 12
onths), bone morphology seemed constant with both lamel-ig. 2. Variation of Young’s modulus of Wistar rat cortical bone in the
ongitudinal direction during growth and senescence (mean and standard
ariation, ∗statistically significant difference, p < 0.05).
tion of 1, 12 and 24 months old specimens of Wistar rat.
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Table 1
FTIR band intensity ratio of apatitic phosphate, labile phosphate and amide
I on total phosphate (mean and standard deviation)
Specimen age Apatite PO4/PO4 Labile HPO4/PO4 Amide I/PO4
1 month 0.69 ± 0.05 0.23 ± 0.03 0.87 ± 0.77
4 months 0.69 ± 0.02 0.22 ± 0.02 0.78 ± 0.03
9 months 0.70 ± 0.05 0.21 ± 0.04 0.77 ± 0.02
12 months 0.73 ± 0.03 0.19 ± 0.02 0.74 ± 0.02
18 months 0.71 ± 0.05 0.22 ± 0.03 0.78 ± 0.1
24 months 0.71 ± 0.05 0.19 ± 0.02 0.75 ± 0.05
Table 2
FTIR band intensity ratio of type A, type B and labile carbonate on total
phosphate (mean and standard deviation)
Specimen age Type A CO3/PO4 Type B CO3/PO4 Labile CO3/PO4
1 month 0.0092 ± 0.012 0.0192 ± 0.0025 0.0336 ± 0.0061
4 months 0.0094 ± 0.0006 0.0199 ± 0.0008 0.0379 ± 0.0034
9 months 0.0109 ± 0.0007 0.0228 ± 0.0009 0.0466 ± 0.0035
12 months 0.0109 ± 0.0003 0.0228 ± 0.0003 0.0427 ± 0.0029
1
2Fig. 3. ESEM images of femur proximal cross-sec
llustrates femur cross section morphology for young, mature
nd old Wistar rats. Microporosity values for 1, 4, 9, 12, 18
nd 24 months old specimens were respectively 8.1 ± 0.7%,
.2 ± 0.5%, 3.3 ± 0.7%, 2.5 ± 0.6%, 3.2 ± 0.9% and 4 ±
.5%. Reproducibility varied from 2% to 5.6% of the value
ccording to the different age groups. Bone microporosity
as found to decrease significantly between 1 month and
months groups (p < 0.05). No significant variation was
ound between 4, 9 and 12 months groups (p > 0.05). Micro-
orosity increased between 12, 18 and 24 months groups
ut variations were not statistically significant (p > 0.05).
icroporosity data are illustrated in Fig. 4.
.3. Physico-chemical properties
FTIR investigations of bone matrix exhibited no sta-
istically significant difference between groups for apatitic
O4band and non-apatitic HPO4 band intensity ratio dur-
ng growth and senescence (p > 0.05). However, a tendancy
o increase for apatitic phosphate and to decrease for labile
hosphate were observed. Analysis of type A, type B CO3
nd labile CO3 band intensity ratio showed no significant
ifference between the 1 and 4 months groups (p > 0.05).
ig. 4. Variation of femur cross-sectional porosity percentage during growth
nd senescence (mean and standard variation, ∗statistically significant dif-
erence, p < 0.05).
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T8 months 0.0103 ± 0.0008 0.0221 ± 0.0016 0.0436 ± 0.0063
4 months 0.0111 ± 0.0007 0.0234 ± 0.0008 0.047 ± 0.0044
statistically significant increase of band intensity ratio was
bserved between the 4 and 9 months groups (p < 0.05),
hen a stabilization was observed between the 9, 12, 18, 24
onths groups (p > 0.05). Amide I band intensity ratio val-
es were found to decrease significantly between 1 month
nd 4 months (p < 0.05). No significant variation was found
etween the 4 and 9 months groups (p > 0.05). Values were
ound to decrease significantly between the 9 and 12 months
roups (p < 0.05) and to stabilize between the 12, 18 and 24
onths groups (p > 0.05). Band intensity ratio of phosphate,
arbonate and amide I are reported in Tables 1 and 2.
CO3W% and PW% variations observed on chemical anal-
ses confirmed variations observed on FTIR analyses. Values
or 1, 4, 9, 12, 18, 24 months old groups were respectively
.1 ± 0.3, 4.9 ± 0.2, 6.1 ± 0.2, 6.1 ± 0.2, 6.0 ± 0.2, 6.0 ±
.2% for CO3W% and 21.4 ± 0.2, 19 ± 0.7, 17.6 ± 0.6,
8.3 ± 0.8, 17.8 ± 0.6, 17.4 ± 0.2% for PW%. A statisti-
ally significant increase of CO3W% and decrease of PW%
ere observed between 1, 4, 9 months groups (p < 0.05).
hen, stabilizations of CO3W% and PW% were observed
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4ig. 5. Variation of carbonate weight content of bone matrix during growth
nd senescence (mean and standard variation, ∗statistically significant dif-
erence, p < 0.05).
etween 9, 12, 18 and 24 months groups (p > 0.05). CO3W%
nd PW% data are illustrated in Figs. 5 and 6 respectively.
X-ray diffraction assessments showed a slow increase of
he width of diffraction peaks attributed to 002 and 310 lattice
lanes of apatite crystals. This led to an increase of apparent
rystal dimensions: 151, 169, 173, 186, 178 and 199 A˚ for
rystal length and 61, 65, 76, 70, 65, 72 A˚ for crystal width
or 1, 4, 9, 12, 18, 24 months old group respectively.
.4. Correlation of bone properties
Multiple regression analysis performed on normalized
ata from 1 to 24 months groups gave the following
elationships between density and Young’s modulus with
orphological and physico-chemical properties:= 0.79 − 0.46 × %poro
+0.27 × CO3W% − 0.18 × PW%, r2 = 0.889
ig. 6. Variation of protein weight content of bone matrix during growth
nd senescence (mean and standard variation, ∗statistically significant dif-
erence, p < 0.05).
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fig. 7. Scatterplot of data from correlation models versus experimental data
f cortical bone density and Young’s modulus of Wistar rat.
3 = 0.71 − 0.82 × %poro
+0.17 × CO3W% + 0.11 × PW%, r2 = 0.738
In the regression model of density variation, all variable
oefficients were significantly different from 0 (p < 0.05).
his regression analysis showed that density variation was
orrelated to morphological and physico-chemical parame-
ers. In the regression model of Young’s modulus variation,
nly %poro coefficient was significantly different from 0
p < 0.05). Correlation model relevance is illustrated in a
catterplot of standardized data in Fig. 7.
. Discussion
.1. Mechanical properties
One study found similar Young’s modulus and density
xcept for variation through senescence [36]. Besides, varia-
ion of mechanical properties differed at the senescence. This
ay be related to the different rat strain used. The range of
MD values (1244–1398 mg mm−3) found by Banu et al.
n femoral diaphysis of F344 rats was lower than our study,
ost likely because techniques used were different. However,
hey found similar variation through ageing [35]. Moreover,
n comparison with human data, similar values of ρ and E3
ere observed at the adult age: ρhuman = 1821 ± 183 kg m−3
nd E3human = 19.9 ± 2.7 GPa [44] but variation through
enescence is different. These previous comparisons showed
iscrepancies demonstrating the need of additional investi-
ations (morphological and physico-chemical) at different
cales to understand the variation of mechanical properties
n bone during ageing..2. Microporosity
The observed variation of bone microporosity resulted
rom variations of bone tissue architecture (Fig. 4). Thus, dur-
i
a
l
i
t
[
n
a
v
r
p
b
p
4
s
t
w
w
s
g
i
b
D
d
a
d
i
d
d
b
o
c
t
s
a
m
b
t
t
a
t
d
m
t
2
s
t
a
t
c
b
t
b
4
n
r
o
t
o
c
d
e
m
5
t
i
r
p
t
b
p
r
m
d
b
c
r
c
i
l
t
m
t
b
o
A
r
t
“ng growth, a decrease of microporosity was related to active
pposition of a periosteal lamellar bone which exhibited a
ow porosity [45]. During senescence, global microporosity
ncreased and large pores could be observed in the endos-
eum, which could be related to a resorption phenomenon
45].
To our knowledge, such variation of microporosity has
ot previously been demonstrated as equivalent data are not
vailable. Akkus et al. [37] observed cross section diameter
ariation but did not investigate bone microporosity. Wistar
at exhibited lower values than adult human bone in which
orosity values vary from 10% to 40% [46,40]. Variation of
one porosity during senescence differed also as human bone
orosity showed a significant increase.
.3. Physico-chemical properties
Physico-chemical variations observed from 1 to 9 months
eemed to be consistent with that reported for other ver-
ebrates [37,47,13,48]. Increase of total carbonate content
ith age, especially in young animals, seemed associated
ith a slight decrease of non apatitic HPO42−band inten-
ity ratio and appeared as a constant feature during animal
rowth [12,13,49]. This phenomenon was also observed dur-
ng ageing of synthetic apatitic precipitates [13] and has
een associated with the maturation of the mineral latice.
uring this process, there is no significant change in the
istribution of the different carbonate species and of the
patite stoichiometry. At any stage, OH− species could not be
etected by FTIR as it is usually the case in bone [11,14]. The
ncrease of the labile carbonate band intensity ratio assessed
uring the growth period was not in agreement with the
ecrease reported in previous literature [12,13] and could
e explained by the intensive apposition of new bone rich
f labile carbonate on the perisoteal surface. The increase in
rystal dimensions in rats has been also observed in syn-
hetic apatitic preparations during crystal maturation, and
eemed associated with an increase of the apparent size of
patitic domains although the application of Scherrer for-
ula neglected the effect of crystal imperfections on XRD
ands broadening. Globally, the increase in crystal perfec-
ion has also be observed in FTIR or Raman spectra of bone
issue characterized by thinner mineral bands during growth
nd ageing [37]. Analyses demonstrated also a mineraliza-
ion of bone matrix with a decrease of the protein content
uring growth. In the present study, we did not report infor-
ation on the collagen matrix, especially the cross links, due
o uncertainties in bands assignment [50].
Physico-chemical analyses during senescence (from 12 to
4 months) enlightened a stabilization of FTIR band inten-
ity ratio and all chemical parameters of bone were found
o be constant (PW%, CO3W%). This could be interpreted
s equilibrium between bone apposition and resorption at
he femur surface. During bone maturation, our physico-
hemical results were in agreement with analyses performed
y Akkus et al. [37] but our results differed for senescence as
(
s
l
Shey found a continuous mineralization. This difference may
e due to the difference of rat strains.
.4. Multiple regression analyses
The regression models showed that microporosity has a
egative effect on both density and Young’s modulus. Matu-
ation and mineralization of bone matrix has a positive effect
n density, with an increase in mineralization and matura-
ion increasing the density of bone matrix. However, effects
f bone matrix composition were found not to be statisti-
ally relevant for the Young’s modulus model. These results
emonstrated that density is a parameter more relevant than
lasticity when it comes to investigate alterations of the bone
atrix composition.
. Conclusion
In the present study, correlation of mechanical proper-
ies with morphological and physico-chemical properties was
nvestigated from growth to senescence. Young’s modulus
egression model indicated a greater relationship with micro-
orosity variation than that of bone matrix composition. On
he contrary, bone density regression model was found to
e dependent on both microporosity and physico-chemical
roperties.
The increase of mechanical properties during growth was
elated to a decrease of microporosity and increase of bone
atrix maturation. These results are different for human
uring growth as no decrease of porosity is expected and
one matrix maturation is likely to occur. During senes-
ence, decrease of mechanical properties seemed to be more
elated to increase of microporosity as no change in physico-
hemical properties was observed. Such porosity increase
s also observed for human during senescence but at a
arger scale. Furthermore, our qualitative data suggested that
his difference may be related to the difference of tissue
icrostructure.
To conclude, our study showed that combined investiga-
ions of microstructural and physico-chemical properties of
one tissue are of importance to have a better understanding
f the variation of bone mechanical behaviour.
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